Context: Understanding the etiology, diagnosis, and symptoms may help to improve quality of life and long-term disease outcomes. This paper summarizes the results of the findings and recommendations of the Working Group on Presentation of Hypoparathyroidism.
Conclusions: Increased awareness of the etiology and presentation of the disease and new research efforts addressing specific questions formulated during the meeting should improve diagnosis, care, and long-term outcomes for patients.
P
arathyroid hormone (PTH) is a major regulator of calcium and phosphate homeostasis. In bone and kidney, the actions of PTH are direct, whereas in the gastrointestinal (GI) tract, they are indirect via regulation of renal 1,25-dihydroxyvitamin D [1, 25 (OH) 2 D] production. A negative sigmoidal relationship between the serum calcium (Ca 2ϩ ) concentration and PTH secretion is mediated via the parathyroid calcium-sensing receptor (CaSR). In contrast, serum phosphate does not directly regulate PTH secretion. The inappropriately low or frankly low PTH levels in relation to serum calcium concentration, characteristic of hypoparathyroidism, lead to decreased renal tubular reabsorption of calcium (TmCa) and simultaneously, to increased renal tubular reabsorption of phosphate (TmP). Thus, the main biochemical abnormalities of hypoparathyroidism are hypocalcemia and hyperphosphatemia. Hypocalcemia gives rise to most of the neuromuscular symptoms and signs of hypoparathyroidism, while hyperphosphatemia contributes importantly to ectopic mineralization in soft tissues (vasculature, brain, kidneys, and other organs).
Magnesium has a complex role in controlling PTH secretion and action. Magnesium is essential for a number of metabolic pathways and cellular functions and is an essential cofactor in enzymatic reactions. Serum ionized magnesium is tightly regulated. Renal magnesium reabsorption and 90% of the magnesium absorption in the bowel occur via a passive paracellular route. Transcellular absorption in the bowel and kidney is an active process via the transient receptor potential melastatin subtype 6 (TRPM6) channels. Magnesium activates the CaSR so hypermagnesemia decreases PTH synthesis and secretion. Mild hypomagnesemia stimulates PTH secretion. In contrast, severe hypomagnesemia decreases PTH secretion. This paradoxical block of PTH secretion is believed to be due to the effect of intracellular magnesium depletion on the alpha subunits of the G-proteins associated with the CaSR, resulting in decreased PTH secretion. Hypomagnesemia also results in target tissue resistance to the effects of PTH, in particular, in the renal tubules and in bone.
The full clinical presentation of hypoparathyroidism (symptoms, signs, and complications) is the direct result of destruction or dysfunction of the parathyroid gland and in particular the deficient secretion of PTH resulting in absent signaling in classic target tissues (bone and kidney) as well as other PTH receptor-expressing tissues. Hypoparathyroidism is thus a disease or syndrome due to (transient or permanent) lack of PTH or PTH signaling and can be diagnosed by the combination of low serum ionized or albumin-corrected calcium concentration and low or undetectable PTH. In contrast in pseudohypoparathyroidism (PHP), due to resistance to the hormone's actions, there is a combination of low serum calcium and high serum PTH levels. Over the lifetime of an individual, hypoparathyroidism can involve nearly every organ system in the body. Standard management to prevent hypocalcemia includes oral calcium supplements, calcitriol, or other active vitamin D analogues. Such chronic treatment can alleviate symptoms but may, however, produce a number of adverse effects that increase the burden of the disease. Therefore, along with the careful titration of medication and biochemical monitoring for disease control that hypoparathyroidism requires, the treating clinician must periodically assess renal, ocular, neurologic, neuromuscular, behavioral and skeletal parameters to avoid the complications of this chronic disorder and preserve quality of life (QOL) (QoL) for the patient.
The present manuscript focuses on updated information on the etiology and clinical presentation of hypoparathyroidism, whether isolated or part of more complex syndromes, and new data on the effects of chronic hypoparathyroidism on skeletal mass, microarchitecture, and remodeling. Other aspects of the disease as well as clinical management recommendations are discussed in two accompanying manuscripts in this issue of the Journal (one on Epidemiology and Diagnosis, the other on Management). Specialized topics such as management of hypoparathyroidism in pregnancy and lactation and the effects of the disease and its management in children and particularly on growth and development, while very important, are not discussed here but are covered in several excellent reviews (1-4). As there remain a large number of outstanding questions, the authors also present a number of research topics that need to be addressed to improve further the diagnosis, treatment, and prognosis of this disease.
I. CLINICAL FEATURES OF HYPOPARATHYROIDISM
Hypocalcemia causes well-known signs and symptoms because a low extracellular ionized calcium concentration ([Ca 2ϩ ]) can have a profound impact on a large number of tissues and organ systems including the brain, muscles, heart, and kidneys. The rapid onset of hypocalcemia in the postsurgical setting can present dramatically and in a manner that demands immediate and aggressive intervention. Alternatively, especially if the pace of development of the condition is gradual, patients with hypocalcemia due to chronic hypoparathyroidism can be nearly asymptomatic, despite profound biochemical disturbances. Hyperphosphatemia is another consequence of hypoparathyroidism. It is asymptomatic and is responsible, over a much longer time frame, for ectopic mineralization and clinical consequences in soft tissues of the vascular, nervous, renal and other organs that can impair their function permanently.
General signs and symptoms
Most signs and symptoms of hypoparathyroidism are due to hypocalcemia, as low serum ionized [Ca 2ϩ ] can alter neurologic, cognitive, muscular, and cardiac function (5-7). Sometimes, this occurs in a highly insidious manner. Chronic hyperphosphatemia, mainly in the setting of treatment for the disease with oral calcium supplements, calcitriol, or other active vitamin D analogues, contributes to the ectopic calcifications noted above and the clinical consequences of renal stones and nephrocalcinosis. These ectopic calcifications are classically believed to be due to the chronically elevated phosphate levels and high calcium X phosphate product, resulting from the disease itself and from long-term treatment with activated vitamin D and calcium. High serum phosphate may also activate the inorganic phosphate transporter pit1 (SLC20A1) and result in the expression of osteogenic molecules in the caudate nucleus and gray matter as mechanisms explaining calcifications in basal ganglia (8) . Many patients with hypoparathyroidism also have chronically low serum magnesium levels. Serum magnesium should be evaluated and addressed if necessary in these patients since the signs and symptoms of hypocalcemia can be aggravated by concomitant magnesium deficiency.
Neurologic, muscular, psychiatric, cardiovascular, ophthalmologic, dermatologic, GI, and dental signs and symptoms are detailed in Table 1 and are not further discussed in this manuscript. More details can be found in recent reviews (5) (6) (7) (8) (9) (10) . Renal and skeletal manifestations and effects on QoL of hypoparathyroidism, both at baseline and due to treatment, are discussed in separate sections below.
Skeletal manifestations of hypoparathyroidism in patients on chronic treatment
Bone mass, microarchitecture, and turnover
Patients with hypoparathyroidism have bone mineral areal densities (BMDs) as measured by dual energy x-ray absorptiometry (DXA) that are greater than age-and sexmatched controls (11) (12) (13) (14) (15) . Details of BMD Z-and T-scores obtained in 4 selected studies in adults are summarized in Supplemental Table 2 . The increase in Z-and in T-scores usually approaches or exceeds 1 at most sites that include both cortical and trabecular bone, with the highest scores observed at the lumbar spine (LS) in adults as well as in children and adolescents. As an example, in 33 subjects with hypoparathyroidism, BMD Z-scores were ϩ2.2 at the LS, ϩ1.1 at the total hip (TH), ϩ1.3 at the femoral neck (FN), and ϩ0.7 at the 1/3 distal radius. BMD was positively correlated with the duration of hypoparathyroidism (12) . Other reports essentially come to the same conclusion (Supplemental Table 2 ).
Trabecular bone score (TBS), a textural index that evaluates pixel gray-level variations derived from the LS DXA image, provides an indirect index of trabecular microarchitecture. TBS was found to be normal in subjects with hypoparathyroidism (16) (see Supplemental Table 2 ).
Advanced imaging has been used to assess bone in patients with hypoparathyroidism. Peripheral quantitative computed tomography (CT) (pQCT) of the radius was done in a small study of 9 women with hypoparathyroidism, comparing them to 36 women with primary hyperparathyroidism and 100 age-, gender-, and body sizematched normal controls. Trabecular volumetric (v) BMD was greater in the trabecular-enriched 4% distal radius, and cortical vBMD was higher at the cortical site (20% of the midradius), as compared to normal controls and hyperparathyroid women (11) . Cortical area and cortical thickness were also increased in hypoparathyroid subjects. In addition, high-resolution (HR) pQCT of the radius and tibia revealed a consistent increase in cortical vBMD in men and women with hypoparathyroidism, as well as decreased cortical porosity at the radius and tibia in women and at the tibia in men (17) . There was, however, no significant difference in estimated bone strength between hypoparathyroid and normal controls. Additional changes in HRpQCT parameters are shown in Supplemental Table 2 .
The low bone turnover state of hypoparathyroidism is reflected in dynamic histomorphometry parameters and described below and in Supplemental Table 2 . This feature is also reflected, but not to the same extent, by bone turnover markers (BTMs). BTMs are indeed in the lower half of the normal range in hypoparathyroid patients treated with calcium and vitamin D (19) . Since PTH suppresses the secretion of sclerostin by bone, it is no surprise that hypoparathyroid patients have higher levels of sclerostin than euparathyroid healthy controls (23) . Despite this higher sclerostin concentration, bone mass is increased in hypoparathyroidism, which may indicate that sclerostin's inhibitory action on bone formation is blunted in this disease.
Histomorphometry and microcomputed tomography of bone biopsies
Hypoparathyroidism is associated with markedly reduced bone remodeling, as shown by histomorphometric assessment of the transiliac bone biopsy (12, 19, 24 ) (see Supplemental Table 2 and Figure 1 ). Iliac crest bone biopsies from 8 women and 4 men with vitamin D-treated hypoparathyroidism displayed a decreased resorption rate, and indices of bone formation and remodeling activation frequency were reduced by 54%-80%. The resorption depth was reduced, and the wall thickness of the cancellous osteons was 5 m greater than the resorption depth. The remodeling cycle thus resulted in a slightly positive bone balance and, in each remodeling unit, slightly more bone was being deposited than removed (25) . In a larger, comprehensive study in which remodeling variables were measured in 3 bone envelopes (cancellous, endocortical and intracortical), bone formation variables, including bone formation rate, osteoid surface and width, were consistently and substantially reduced by up to 5-fold across all envelopes. The reduction in bone formation rates was attributable, as demonstrated by reduced tetracycline uptake ( Figure 1 , panels E and F), to significant decreases in both mineralizing surface and mineral apposition rate. Despite a lack of difference between hypoparathyroid and control subjects in eroded surface, the resorption rate was significantly reduced in the hypoparathyroid subjects, and again, this was consistently seen in all envelopes (12, 19) . Microcomputed tomography of biopsies (26) allows structural analysis in 3-dimensions, and this technique confirmed the increase in cancellous bone volume in hypoparathyroidism and revealed not only an increase in trabecular thickness but also increases in trabecular number and connectivity (see Figure 1 , panels A-D).
Fracture risk
Underbjerg et al (27) , in a nationwide survey, identified 688 patients with postsurgical hypoparathyroidism due to nonmalignant causes, receiving conventional treatment with calcium and vitamin D metabolites for more than 6 months. Each case was matched for age and sex with 3 controls from the general population. The authors reported that long term overall fracture risk was not different from controls (HR 1.03; 95% CI 0.83-1.29), whereas the risk of fractures in the upper extremities was significantly decreased in patients with hypoparathyroidism [HR 0.69, (95% CI 0.49 -0.97)]. In another study, Underbjerg et al (28) identified all 180 subjects diagnosed with nonsurgical hypoparathyroidism in Denmark between 1997 and 2012 (through registers and review of individual patient hospital charts). Patients were compared with an age-and gender-matched control group from the general population. While the overall fracture risk was similar between cases and controls, hypoparathyroid patients had, however, a greater risk of fractures in the upper extremities (HR 1.93; 95% CI, 1.31-2.85).
Two small studies have assessed vertebral fractures in patients with hypoparathyroidism. Fujiyama et al (29) evaluated 33 postmenopausal women who underwent total thyroidectomy due to thyroid cancer. Among them, 13 women became hypoparathyroid, whereas the remaining 20 retained normal parathyroid function. The incidence of spinal deformity, as assessed by spinal radiographs, was significantly lower in hypoparathyroid women than in controls. In contrast, a recent study demonstrated increased morphometric vertebral fractures in 16 patients with hypoparathyroidism, compared to 17 age-, and BMImatched normal controls (30) .
Concluding statement. The low bone turnover in hypoparathyroidism is demonstrated by several techniques and results over time in higher bone mass. To what extent this is due to the lack of PTH and/or to the combined chronic therapy with calcium supplements and activated vitamin D metabolites is not well defined. The long-term effects of increased bone mass (likely to be beneficial) and low bone turnover (possibly deleterious to bone quality) on bone strength and fracture risk remain unclear.
Renal manifestations of chronic hypoparathyroidism in patients on treatment
Decreased PTH secretion or action results in decreased serum calcium and thus a decreased filtered calcium load and also decreased tubular reabsorption of calcium (TmCa). Thus, although hypoparathyroidism causes a relative hypercalciuria in relation to the prevailing hypocalcemia, the net effect is reduced urinary calcium excretion. Low levels of PTH also lead to increased renal TmP. The resulting hyperphosphatemia, in combination with low PTH levels, down-regulates renal production of 1,25(OH) 2 D. The decreased serum 1,25(OH) 2 D reduces active intestinal calcium absorption and to a lesser extent phosphorus absorption. Reduced filtered load of calcium and the reduced calcium absorption from the gut together result in a lower 24-hour urinary excretion of calcium, despite the decreased TmCa. This would theoretically decrease the risk of kidney stones in the untreated patient. The 24-hour urinary phosphorus remains normal, despite an increased TmP, because dietary phosphorus is usually 
Concluding statement.
Hypercalcemic episodes in the presence of hyperphosphatemia increase the risk of ectopic mineralization in the kidney and accelerate the risk of developing chronic kidney disease (CKD) in hypoparathyroidism. Patients should have regular assessments of renal function and should be considered for periodic renal imaging to evaluate for the presence of such ectopic calcifications. Ultrasound examination seems to be superior to CT for such diagnosis (32).
Quality of life
Many patients with hypoparathyroidism report symptoms that suggest impaired QOL (QoL) (5, 6) . These include physical complaints such as fatigue, muscle spasms, pain, and paresthesia; cognitive symptoms such as "brain fog" and inability to concentrate; and emotional difficulties including depression and/or anxiety. Several publications have reported that patients with hypoparathyroidism have reduced QoL when compared to either normal population or suitable controls. A study from Germany of 25 women with postsurgical hypoparathyroidism showed a higher global complaint score compared to women who had thyroid surgery but had normal parathyroid function (33) . The predominant increases were in subscores for anxiety. Similarly, in a recent study from the USA, 340 patients with postoperative hypoparathyroidism experienced symptoms that were considerably worse than anticipated by 200 healthy subjects (given the description of the disease) or by 102 experienced surgeons (34) . In another study of postsurgical hypoparathyroidism, 688 patients from a Danish national registry had an increased risk of depression and other psychiatric symptoms when compared to 2752 matched controls (27) . Idiopathic hypoparathyroidism was also associated with decreased QoL in a study from India showing these patients had higher proportion of neuropsychiatric and cognitive dysfunction than controls (34) . Finally, an internet-conducted survey of 374 patients with hypoparathyroidism in the US showed that the majority had fatigue as well emotional and cognitive impairment (35) .
Additional information on QoL in hypoparathyroid patients comes from baseline data obtained in treatment trials with PTH. These data are particularly useful as these patients are well characterized, and the tests of QoL are administered systematically and rigorously. In a trial of 69 participants from the US, all domains of QoL assessed by the SF36 were below normal at baseline with the T-scores ranging between -0.9 and -1.4 (36) . The level of biochemical control of the participants was similar to general population of hypoparathyroid patients with 59.4% of subjects having serum calcium values within the reference range (8.6 -10.2 mg/dL), and the mean (range) daily intakes of elemental calcium and calcitriol were 2.5 g (0 -11) and 0.69 mcg (0 -3), respectively. QoL was also examined in 62 adults with hypoparathyroidism from Denmark (37) . Their SF36 scores were below mean for the normal population in 7 of 10 domains. On the WHO-5 WellBeing Index, 10% of these patients had scores consistent with a state of depression; 24% had scores indicating poor emotional well-being. When these same patients were asked about fatigue, 22% reported that they had been very tired, 37% reported that they had been tired most of the time for a prolonged period of time, and 22% did not report tiredness.
II. LONGTERM OUTCOMES AND COMPLICATIONS
Recent studies provide insight into the chronic complications and adverse outcomes that contemporary patients with chronic hypoparathyroidism may experience over time (27, 28, 31, 46) . One chart review study done at two Boston tertiary care medical centers (31), included 120 patients (73% female) with permanent hypoparathyroidism due to acquired (89%: postsurgical, autoimmune and idiopathic) and congenital (11%: syndromic, nonsyndromic, and lifelong idiopathic) etiologies and followed for 7.4 ϩ/-5.1 year (from 1998 -2009). Upon enrollment, disease had been present on average 17 ϩ/-16 years.
Records were reviewed for serum and urine biochemistries and renal and brain imaging when available. Defining an acceptable target serum calcium range as 7.5-9.5 mg/dL, Mitchell et al (31) found that the most recent serum calcium level was within that range in 71% of their patients. Furthermore, by their estimates, patients in this cohort spent 86% of the time they were followed in this target range. Just 53 patients had at least one 24 hour urinary calcium determination with 38% of that group having elevated urinary calcium levels (Ͼ300 mg/d). In terms of renal complications, two patients had undergone renal transplantation for nephrocalcinosis and CKD. Of the remaining patients, 31% of the group that had renal imaging (17/54 patients) demonstrated intra-renal calcification. Estimated glomerular filtration rates (eGFRs) were calculated and found to be Ͻ 60 ml/min/1.73 m 2 (stage 3 CKD or higher) in 41% of these patients with chronic hypoparathyroidism. This rate is estimated to be 2 to 17-fold higher than those for age-matched norms taken from the US-based NHANES (National Health and Nutrition Examination Survey; 1999 -2006). Duration of disease and proportion of time with relative hypercalcemia (higher than the target range of 7.5-9.5 mg/dL) were the two features, by multivariate analysis, that were significantly associated with eGFR. Of the small number of patients with brain imaging (N ϭ 31), 52% of them had basal ganglia calcification. Although the data were not prospectively gathered nor was the study controlled, these findings are still valuable for understanding particularly the effects of chronic hypoparathyroidism on the brain and kidneys.
In a case control study of 688 patients with hypoparathyroidism in Denmark (matched by age and gender to 2064 controls), Underbjerg et al (46) Concluding statement. Cross-sectional studies emphasize the importance of monitoring renal function, psychiatric complaints, and neurologic complications in the management of patients with chronic hypoparathyroidism. Clinical attention should be focused long-term on mitigating associated risk factors.
III. ETIOLOGIES OF HYPOPARATHYROIDISM
An essential issue to distinguish in the differential diagnosis of chronic hypocalcemia is whether the condition is due to PTH deficiency (described in detail below) or to defective actions of PTH caused by a rare group of disorders known as PHP (see Supplemental Table 3 ). In clinical practice, hypoparathyroidism results from a surgical procedure in approximately 75% of patients and is due to genetic, autoimmune, or idiopathic etiologies in the remainder (5-7). PHP is distinguished from hypoparathyroidism by the presence of high serum intact PTH levels. Otherwise, biochemically, the laboratory features of PHP patients overlap with those with hypoparathyroidism.
PHP is due to heterozygous loss of function mutations in the maternal GNAS gene encoding the alpha subunit of heterotrimeric G protein (G s ), as in PHP type 1a or 1c. press.endocrine.org/journal/jcemSuch patients do not show an increase in urinary P excretion after exogenous administration of PTH. The same mutation in the parental gene does not cause PTH resistance as the paternal GNAS is always silenced in the proximal tubule of the kidney due to genetic imprinting. Such GNAS mutations are usually associated with a clinical phenotype as summarized in Supplemental Table 3 (39 -43, 47) . Individuals with PHP type 1a may also have resistance to other hormones that couple through G s alpha, as this is a widely used signaling pathway for peptide hormones such as thyrotropin.
Patients with PHP type 1b have only selective renal resistance to PTH and do not have mutations in GNAS itself (see Supplemental Table 3 ). Rather, their functional defect is due to abnormal genetically defined imprinting of the GNAS gene in the kidney, usually due to deletions in the regulatory DNA sequences in GNAS. Differentiating the exact molecular etiology of PHP can be a diagnostic challenge, but biochemically, it is generally straightforward to distinguish PTH deficiency from PTH resistance (40, 43) . The topic is covered more extensively in a companion article in this series.
(ref).

Postsurgical hypoparathyroidism
The procedures responsible for postsurgical hypoparathyroidism include thyroid, parathyroid, laryngeal or other neck surgeries conducted for both benign and malignant conditions. Anywhere from 3 to 30% of patients with postoperative hypocalcemia will develop chronic hypoparathyroidism (48 -54) . Overall, postsurgical hypoparathyroidism is permanent in up to 7% of patients after total thyroidectomy (5-7).
Most endocrinologists define postsurgical hypoparathyroidism as the combined presence of hypocalcemia (serum calcium Ͻ 2.0 mM or ϳ8.0 mg/dL) with an inadequate PTH concentration [either frankly low or inappropriately normal (below 15 ng/L) intact PTH levels]. Permanent hypoparathyroidism is diagnosed when such a situation persists 6 or 12 months after a cervical surgical procedure. The causes are removal of the glands or permanent functional damage to glands left in situ (devascularization).
Uncomplicated thyroidectomies in most centers worldwide are increasingly performed with short-term in-hospital or outpatient perioperative observation (55, 56) . Prediction and timely diagnosis and treatment of postsurgical hypoparathyroidism are, therefore, of utmost importance. Disease-related risk factors for postsurgical hypoparathyroidism include autoimmune thyroid disease [Graves´dis-ease or Hashimoto´s thyroiditis (48, 52, 57) ], retrosternal goiter (58) , and reoperation due to recurrence of goiter or for completion of surgery (52) . Surgery-related risk factors include total vs subtotal thyroidectomy (48, 59) , central node dissection in thyroid cancer (51, 60) , low thyroid surgery volume or relative inexperience (61, 62) , and inadequate visualization during thyroidectomy (63) .
Preoperative vitamin D status is a risk factor for transient but not permanent hypoparathyroidism and, therefore, correction of vitamin D deficiency should be implemented preferably before surgery (64) . Moreover, the number of parathyroid glands preserved in situ mainly determines the risk for transient and sustained hypoparathyroidism (48, 53) . There is considerable controversy whether autotransplantation may help to preserve parathyroid function. While there is overall agreement regarding the need for autotransplantation when a parathyroid gland is completely devascularized, several surgeons in the past advocated parathyroid autotransplantation for glands not completely devascularized or even on a prophylactic basis (65, 66) . Recent studies, however, provide evidence that autotransplantation of devascularized normal parathyroids does not completely prevent transient or permanent hypoparathyroidism (53) . Even discolored, devascularized parathyroids may only be transiently impaired, and their function better preserved, if left in situ, than if autotransplanted (67) . Therefore the autotransplantation of normal parathyroids can only be recommended when the gland is completely avascular.
Various protocols have been used for determining the predictive value of postoperative serum calcium and PTH concentrations at the time of skin closure after thyroidectomy up to the morning of the first postoperative day.
To summarize these studies, PTH levels during the first 24 hours after thyroidectomy seem to be more accurate for prediction of hypoparathyroidism than serum calcium concentrations. Accordingly oral calcium and active vitamin D is recommended when PTH levels are below 10 -15 pg/ml postoperatively (54) . Protocols with routine oral calcium and vitamin D substitution (68 -70) have also been proposed in order to facilitate early discharge of patients after thyroidectomy.
Concluding statement. Postoperative hypoparathyroidism can best be avoided by routine identification of all parathyroid glands and meticulous preservation of their blood supply during surgery, which should be performed by surgeons with extensive experience with these procedures. Autotransplantation of parathyroid glands should be reserved for completely devascularized glands. Irrespective of the extent of surgery and the underlying thyroid disease, postoperative hypocalcemia (serum total calcium Ͻ 2.0 mmol/l or Ͻ 8.0 mg/dL) combined with low serum PTH (Ͻ15 pg/ml) indicate the highest risk for transient or even permanent hypoparathyroidism, and such patients should be treated with prophylactic or therapeutic calcium and supplementation with activated vitamin D metabolites.
Genetic and autoimmune forms of hypoparathyroidism
Genetic forms of hypoparathyroidism occur as part of syndromes or as a nonsyndromic solitary endocrinopathy called isolated hypoparathyroidism (38, 71, 72) . This section and the information in Supplemental Table 3 briefly review the genetics of these forms of hypoparathyroidism, the molecular basis when known, and clinical features of the disorders. A more detailed description of the pathophysiology and diagnostic testing of genetic forms of hypoparathyroidism is presented in an accompanying paper on Epidemiology and Diagnosis in this issue of the Journal.
The established syndromes causing hypoparathyroidism, in which the genetic defects are known, include the autoimmune polyendocrinopathy syndrome type 1 (APS1), DiGeorge syndrome (DGS) 1 and 2, hypoparathyroidism-deafness-renal dysplasia (HDR) syndrome, and Kenny-Caffey syndrome type 1 and 2 (see Supplemental Table 3 ). There remain a number of syndromes in which the clinical features are recognized (Barakat and Dubowitz syndromes, for example), but the genetic bases have not yet been established. These syndromic forms of hypoparathyroidism may be inherited as autosomal dominant or autosomal recessive disorders. The very rare and complex syndromes due to mitochondrial DNA mutations and deletions can also include hypoparathyroidism as one feature (see Supplemental Table 3 ) (38, (72) (73) (74) .
Several molecular defects causing isolated hypoparathyroidism have also been identified [eg, mutations in the PTH gene, transcription factor GCM2, CASR, G alpha 11 (G␣11), and SOX3]. These nonsyndromic forms of hypoparathyroidism may be inherited as autosomal dominant, autosomal recessive and X-linked recessive disorders (38, 72, (75) (76) (77) (78) (79) . Gain-of-function CASR mutations result in autosomal dominant hypocalcemia type 1 (ADH1). ADH1 patients generally have normal serum PTH concentrations and hypomagnesemia, and treatment with vitamin D or its active metabolites or analogues to correct the hypocalcemia may result in marked hypercalciuria, nephrocalcinosis, nephrolithiasis and renal impairment (75) . Gain-of-function G␣11 mutations result in ADH2, another form of isolated hypoparathyroidism (76 -78) . ADH2 patients have clinical features that are similar to ADH1 (75, 76) . A clinical approach to genetic testing in a patient who has hypoparathyroidism and in whom other causes have been excluded is discussed in the paper on Diagnosis.
Concluding statement. When there is a high suspicion of a genetic etiology (eg, young age of onset or family history of autoimmunity or consanguinity), the patient should be offered genetic counseling and germline mutation testing.
Magnesium disorders
Magnesium regulates PTH secretion (80) . Magnesium binds to and activates the CaSR and decreases PTH synthesis and secretion. Magnesium is also involved in the activation of adenylyl cyclase and in intracellular signaling by cyclic AMP. Activating mutations of the CASR result in hypocalcemia, hypomagnesemia, and low PTH levels. In chronic kidney disease (stages 4 -5), urinary magnesium excretion decreases resulting in hypermagnesemia. Hypermagnesemia also occurs with lithium therapy or after excessive ingestion or intravenous (IV) administration of magnesium (eg, as tocolytic therapy). Inactivating mutations of the CASR (FHH type 1) result in hypercalcemia, hypermagnesemia, and high normal PTH levels. Hypermagnesemia may cause hypocalcemia due to the inhibition of PTH release. Very low serum concentrations of magnesium, however, can also markedly decrease PTH secretion and mimic PTH deficiency. Hypomagnesemia may be due to decreased intake, decreased absorption, increased losses, and redistribution (44) .
Mutations in the epithelial cation channel TRMP6 result in familial hypomagnesemia with secondary hypocalcemia (FHSH) with decreased intestinal magnesium absorption and increased renal magnesium losses (81) . Mutations in claudin-16 and claudin-19 result in familial hypomagnesemia with hypercalciuria and nephrocalcinosis (FHHNC) (82) . Long-term proton pump inhibitor therapy may result in hypomagnesemia due to enhanced GI magnesium losses, possibly due to inhibition of TRPM6-mediated active transport of magnesium, as a consequence of altered intestinal pH (83, 84) . Diuretics, certain antibiotics, calcineurin inhibitors, and epidermal growth factor receptor antagonists may down-regulate TRPM6, thereby, increasing urinary magnesium losses (85) . Activating mutations of the CASR result in hypocalcemia, hypomagnesemia, and low normal PTH (86) . Severe hypomagnesemia can be corrected by higher intake of magnesium which corrects the functional hypoparathyroidism. More detailed information about disorders of magnesium homeostasis is presented in Supplemental Table 3.
Other causes of hypoparathyroidism
Once postsurgical and genetic etiologies of hypoparathyroidism (both syndromic and nonsyndromic) and magnesium depletion and excess are excluded, there remain only a few conditions that cause the disorder (87). Infil- press.endocrine.org/journal/jcem 9 trative diseases like Wilson's disease (copper deposition) (88 -90) and hemochromatosis (iron deposition) can produce hypoparathyroidism. Iron overload can be due either to primary hemochromatosis or secondary to chronic transfusions as in patients with thalassemia. Tissue deposition of iron in these settings can produce hypoparathyroidism. When hypoparathyroidism occurs, it is often accompanied by other endocrinopathies such as diabetes, hypothyroidism, osteoporosis, and hypogonadism (91) (92) (93) (94) (95) (96) (97) (98) . The prevalence of hypoparathyroidism in cohorts of patients with thalassemia undergoing chronic transfusions and iron chelation therapy varies from ϳ10%-24%. The rate of this complication, like others in states of iron overload, decreases with aggressive chelation and is increased when serum ferritin levels are Ͼ 2500 mcg/L (95). Rarely hypoparathyroidism is due to destruction of the glands by infiltrating secondary tumors (99, 100) or by ionizing radiation (101, 102) .
Conclusions
In conclusion, hypoparathyroidism is a rare endocrine disease, most frequently due to surgical damage to the parathyroid glands. Patients undergoing thyroid surgery are at risk for postsurgical hypoparathyroidism and should routinely have serum calcium and intact PTH levels assessed either 4 to 6 hours or within 24 hours of surgery. If the serum total calcium concentration is Ͻ 2.0 mM and if PTH is Ͻ 10 -15 pg/ml, then the patient, independent of the extent of resection and type of disease, has a greater risk of permanent hypoparathyroidism. Hypoparathyroidism can also be due to destruction by an autoimmune mechanism or the toxicity from tissue overloading by such agents as iron or copper. Severe magnesium deficiency may be responsible for reversible functional hypoparathyroidism and respond to magnesium repletion. A large number of genetic diseases can cause either isolated or syndromic forms of hypoparathyroidism. An affected patient will likely require the input of specialists to guide genetic testing, treatment, and family planning.
The long-term consequences of hypoparathyroidism can be substantial. Several studies report impaired QoL in patients treated for hypoparathyroidism with calcium and vitamin D, and preliminary data suggest that PTH therapy may improve QoL. The most severe long-term consequences of hypoparathyroidism treated with oral calcium and active vitamin D supplements are due to ectopic calcification of soft tissues. The risk of kidney stones, nephrocalcinosis and even renal failure is markedly increased. Patients should be monitored for renal dysfunction by renal ultrasonography and regular biochemical assessment of renal function. These patients are also at an increased lifetime risk of hypocalcemic seizures and calcification of the basal ganglia. Hypoparathyroid patients chronically treated with calcium and vitamin D have higher BMD and lower bone turnover, but it is presently unclear if this impacts fracture risk.
